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We have experimentally generated higher order optical vortices and scattered them through a ground glass plate that results in
speckle formation. Intensity autocorrelation measurements of speckles show that their size decreases with increase in the order
of the vortex. It implies increase in angular diameter of the vortices with their order. The characterization of vortices in terms
of their annular bright ring also helps us to understand these observations. The results may find applications in stellar intensity
interferometry and thermal ghost imaging.
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Optical vortices are phase singularities or screw disloca-
tions in the light field [1]. These vortices have helical wave-
fronts and the Poynting vector of such fields rotates around
the propagation axis of the light. Due to such rotation of the
Poynting vector, optical vortices carry an orbital angular mo-
mentum mh¯ per photon, m is called the azimuthal index or
topological charge of the vortex. The spatial structure of the
optical vortices looks like a ring with a dark core at the cen-
ter [2, 3]. Due to their peculiar properties, they are getting a
lot of attention and finding applications in optical manipula-
tion [4], astronomy [5] as well as quantum information and
computation [6].
The scattering of optical vortices through a rotating ground
glass plate (GGP) can be used to control the temporal inten-
sity correlation of scattered light [7, 8]. It has been shown
that the decay of correlation becomes sharper with increase
in the order. We have also observed the revival of the dark
core in scattered optical vortices at the far field intensity
distribution and modelled them as partially coherent optical
vortices [9]. In this article, we have experimentally studied
speckles [10–12] generated from the scattering of optical vor-
tices through a GGP. We have also analysed the intensity dis-
tribution of annular bright ring, a characteristic of optical vor-
tices, which form these speckles.
Our experimental setup for the generation of speckles from
optical vortices is shown in Fig. 1. An intensity stabilized He-
Ne laser (Spectra Physics 117A) of power 1 mW and beam
waist 0.3 mm is used to generate optical vortices. The opti-
cal vortex beams are produced by computer generated holog-
raphy using a spatial light modulator (SLM) (Holoeye LCR
2500). Different computer generated holograms are intro-
duced to the SLM through a computer for generating vortices
of different order in the first diffraction order. The required
beam is selected with an aperture A, and passed through the
GGP. The scattered light from the GGP forms a granular pat-
tern of intensity maxima and minima or speckles, as shown
in Fig. 2 (a). These speckles are recorded with a CCD camera
(Evolution VF colour cooled). The SLM is placed at a dis-
tance of 60 cm from the laser and the GGP is at a distance of
66 cm from the SLM.
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Fig. 1. (Colour online) The experimental set-up for the gen-
eration and recording of speckles from optical vortices.
The size of the recorded speckles has been determined by
using auto-correlation method [12] which calculates the cor-
relation of speckle with itself. In this method, we fix one im-
age of the speckles and observe its correlation numerically
with a number of images shifted in position. These shifts can
be made pixel by pixel in both the transverse directions. We
plot the results as a function of the shift. The correlation fac-
tor is maximum if two speckle distributions are completely
overlapped and it decreases with the decrease in overlap. The
correlation factor becomes zero if their overlap is less than the
speckle size due to the random nature of speckles. The cor-
relation curve has a Gaussian distribution whose full width at
half maximum (FWHM) gives the speckle size in any of the
transverse directions. Here, we have considered the normal-
ized speckle patterns to determine the speckle size as they are
overfilling the CCD camera.
Fig. 2 (a) shows the speckle pattern formed by the scat-
tering of first order vortex through a GGP. The size of auto-
correlation function is always twice the considered size of the
speckle pattern as we are observing correlation along both the
positive and negative directions. To find the size of recorded
speckles, we have chosen 200× 200 pixel sized speckle pat-
tern and its autocorrelation as shown in Figs. 2 (a) and 2 (b)
respectively. The distributions of the autocorrelation function
in two transverse directions have been shown in Figs. 2 (c)
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Fig. 2. (Colour online) (a) The obtained speckle pattern of
first order optical vortex, (b) the distribution of auto correla-
tion function, (c) and (d) are the variation of autocorrelation
function in both transverse directions X and Y respectively.
m=0
m=4m=3 m=5
m=2m=1
Fig. 3. (Colour online) The speckle patterns formed by the
vortices with orders m = 0 – 5 at a given plane.
and 2 (d). The FWHM of these two distributions provides the
speckle size in the corresponding transverse directions.
Fig. 3 shows the speckle patterns formed by the scattering
of optical vortices of orders m= 0 to 5 through the same GGP
where m = 0 corresponds to a Gaussian beam. These speck-
les have been recorded at a distance of 18 cm from the GGP.
One can see very clearly that the speckle size Sm decreases
with the increase in order m. We have also shown the depen-
dence of speckle size (Sm) on the area of the bright annular
vortex ring (Am). In Fig. 4, we show a plot of ln(Sm) with
ln(Am). From this graph also, it is clear that the speckle size
decreases as the order of the vortex increases. The curve is
a straight line with slope equal to the exponent of Am. With
the best fit to our experimental data, we have found that the
speckle size is directly proportional to A−0.612±0.021m . In Fig.
4, we present the experimental data along with the best fit
curve, which is different from the corresponding result for
a Gaussian beam. For a Gausian beam scattered through a
ground glass plate, one expects a Brownian distribution, and
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Fig. 4. (Colour online) The plot of lnS versus lnAm where S
and Am are the experimentally obtained speckle size and area
of bright region of optical vortices respectively, (in inset, the
same plot for a Gaussian beam with different areas). The solid
line is the best fit for our experimental data.
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Fig. 5. (Colour online) The plot of divergence of the speckle
fields vs order of vortices.
in fact one gets speckle size as proportional to A−0.50 [12,13].
We have verified this experimentally by using different beam
sizes of a Gaussian beam and shown in inset of Fig. 4. This
suggests the non-Gaussian statistics of the speckles generated
by the scattering of optical vortex beams.
Also we study the rate of change of speckle size with prop-
agation distance, namely divergence of speckles. For this, we
have recorded speckles at seven different planes separated by
a distance of 2cm from each and starting at 11cm from GGP
and found their size for each order. The slope of a straight line
obtained for speckle size vs propagation distance gives the di-
vergence of speckles. We found that the divergence decreases
with increase in the order as shown in Fig. 5.
We know that the size of speckles, the lowest length scale
2
at which light is correlated, plays a crucial role in astron-
omy [14]. By finding the size of the speckles (S), one can
determine the angular diameter (W ) of the stars from the re-
lation W = Lλ/S where L is the distance of the star from the
observation plane and λ is the wavelength. Taking an anal-
ogy, our experimental results show a decrease in speckle size
with order implying an increase in the angular diameter of
source generating these speckles i.e. optical vortices.
To analyse the change in speckle size with the order of vor-
tex, we have analysed area of the annular bright ring that also
varies with the order as indicated by our experimental obser-
vations in Fig. 4. It should be pointed out that the intensity
distribution of optical vortices and the scaling of radius have
also been discussed in ref. [2] to describe the motion of a
trapped single particle around an optical vortex over a wide
range of topological charges.
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Fig. 6. (Colour online) The transverse intensity distribution
of an optical vortex of order 1 and its line profile.
To find the area of annular bright ring, we start with the
field distribution of a vortex of order m, embedded in a Gaus-
sian host beam of width w0, as
Em(r) = (x+ iy)m exp
(
−x
2 + y2
w20
)
(1)
and its intensity
Im(r) = r2m exp
(
−2r
2
w20
)
, r2 = x2 + y2. (2)
This intensity distribution is shown in Fig. 6. Here, we are
defining two parameters for a vortex beam: inner and outer
radii (r1,r2). These are the radial distances at which the inten-
sity falls to 1/e2(13.6%) of the maximum intensity at r = r0
(say). Here, r1 is the point closer to the origin or the center
and r2 is the point farther from the center, the outer region
of the beam. The distances ri (i = 0,1,2) can be obtained
as follows. For the sake of convenience, we set w0 = 1, that
is, w0 is the unit of measuring radial distances. We also de-
fine χ = r2 and χi = r2i (i = 0,1,2) so that Im(r) = Jm(χ) =
χm exp(−2χ). Differentiating Jm(χ) with respect to χ , one
easily obtains χ0 = m/2 so that the maximum intensity has
the value Jm(χ0) = χm0 exp(−2χ0). The equations for χ1 and
χ2 can then be written as
χm1 exp(−2χ1) = χm0 exp(−2χ0− 2) (3a)
χm2 exp(−2χ2) = χm0 exp(−2χ0− 2). (3b)
These equations have been solved numerically for m > 0. The
numerical values are tabulated in Table 1 and plotted in Fig.
7.
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Fig. 7. (colour online) Numerically obtained values of χ2 +
χ1 (filled squares) and the line y = m+1.3 as functions of m.
Table 1. Numerical solutions for Eqs. (2a) and (2b)
m χ1 χ2 χ2 + χ1
1 0.0262 2.2526 2.2789
2 0.1586 3.1462 3.3048
3 0.3602 3.9538 4.3140
4 0.6034 4.7154 5.3188
5 0.8748 5.4469 6.3216
6 1.1667 6.1569 7.3236
7 1.4746 6.8504 8.3250
8 1.7951 7.5309 9.3260
9 2.1262 8.2006 10.3268
10 2.4662 8.8613 11.3274
11 2.8138 9.5142 12.3280
12 3.1680 10.1605 13.3284
. . . . . . . . . . . . . . . . . . . . . . . . . .
20 6.1682 15.1622 21.3304
50 18.5793 32.7529 51.3321
100 40.6553 60.6775 101.3330
200 86.5165 114.8165 201.3330
Remarkably, it is found that to a very good approximation,
χ2 + χ1 = m+ 1.3. (4)
This empirical relationship can now be used to obtain simple
expressions for χ1 and χ2. Multiplying the left sides of Eqs.
(3a) and (3b), using Eq. (4) and the formula (χ2 + χ1)2 −
(χ2− χ1)2 = 4χ1χ2, we get
χ2− χ1 =
√
qm, qm = (m+ 1.3)2−m2 exp(−1.4/m).
(5)
Solving Eqs. (4) and (5), we get χ1, χ2 and hence, r1, r2:
r1 = (m+ 1.3−
√
qm)1/2/
√
2 (6a)
r2 = (m+ 1.3+
√
qm)1/2/
√
2. (6b)
3
The area of the bright region in an optical vortex is given
by
Am = pi(χ2− χ1) = pi
√
qm (7)
which clearly depends on the order (m) of the vortex (see Eq.
5).
We also show experimentally the dependence of the area
of the annular bright ring of optical vortices on their orders.
Figure 8 shows the line profiles of optical vortices for orders
m = 0 to 5 produced in the laboratory using computer gen-
erated holography technique. We have determined inner and
outer radii of the vortex beams from the corresponding line
profiles (Fig. 8). The variation of inner and outer radii for
vortex beams and the area of the annular bright ring with the
order are shown in Fig. 9. The experimental findings are in
good agreement with the theoretical values (obtained from
Eqs. (6) and (7)) and prove that area of the annular bright ring
increases in proportion to the order. We have calculated the
inner and outer radii by taking the average over eight differ-
ent line profiles of the experimentally obtained optical vortex.
This can be correlated with decrease in size of the speckles
with the order.
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Fig. 8. (Colour online) Line profiles along the vortex centres
of optical vortices for orders 0 to 5 that are produced in the
laboratory.
It is known in the context of imaging that the spatial noise
due to the speckles decreases if more number of speckles are
present [11]. We have shown that the speckle size decreases
with the order of the vortex which effectively increases the
number of speckles present in a given area. Therefore, one
can use higher order vortices to reduce the spatial noise in
speckle imaging. The results may find use in ghost imaging
with vortices [15–17] and in stellar intensity interferometry.
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